The hydrogenation (using Raney nickel catalyst at 110 and 170° C) of the conjugated triene system present in methyl elaeostearate (octadeca-9, 11, 13-trienoate) has been compared with that of the pentadiene systems -CH:CH.CH2.CH:CH-present in methyl linolenate and methyl linoleate.
-CH:CH.CHa.CH:CH.CH2.CH:CHis thus comparable with that of the conjugated triene group in the elaeostearate molecule.
The hydrogenation of methyl linoleate in presence of Raney nickel either at 110 or 170° C is extremely selective, no methyl stearate being produced until over 90 % of the linoleate has been transformed into octadecenoates.
I n t r o d u c t io n
The phenomenon of selective hydrogenation-the preferential attachment of hydrogen in presence of a catalyst to one of two or more centres of unsaturationhas been recognized for many years, both in compounds belonging to the terpene series and in the long-chain unsaturated acyl groups present in the mixed glycerides of the fats (for a summary of the earlier observations, see Armstrong & Hilditch 1925) . In the aliphatic series, pronounced selectivity of the hydrogenation process was first observed in certain vegetable fatty oils (H. K. Moore, Richter & van Arsdel 1917; C. W. Moore & Hilditch 1923) , in which the linoleic glycerides pass almost wholly to the mono-ethenoid state before any saturated stearic glycerides are formed. Richardson, Knuth & Milligan (1925) reported th at the multi-ethenoid glycerides present in whale and other marine animal oils behave differently, in th at when saturated glycerides have been produced in quantity, the remaining unsaturated
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glycerides still contain notable amounts of di-ethenoid compounds; this was la,ter confirmed by Terleski (1937) and H arper & Hilditch (1937)* This seeming difference in behaviour remained unexplained until a detailed study of the hydrogenation of the triene methyl linolenate (octadeca-9,12,15-trienoate) by Bailey & Fisher (1946) showed th a t the primary products are octadeca-9,15-dieneate with about an equal amount of a mixture of 15 -dienoates, and th a t to a minor extent two molecules of hydrogen are added simultaneously to linolenate with direct formation of mono-ethenoid esters. Further, these workers gave the relative reactivities of the different unsaturated These results lead unequivocally-to the conclusion (Hilditch 1946) th a t selective hydrogenation in long-chain unsaturated compounds is essentially th a t of the specific pentadiene system -C H :C H .C H 2.C H :C H -in which a 'reactive' methylene group occurs between two double bonds. The apparent persistence of di-ethenoid unsaturation during hydrogenation of a compound which initially con tained a multi (4, 5, or 6)-ethenoid system (as in the marine animal oils) is now explicable, since prim ary attack of hydrogen a t one or more of the pentadiene groupings originally present m ust result in the production of di-or even tri-ethenoid derivatives, in which the remaining double bonds are separated by four or more methylene groups, and which consequently react to catalytic hydrogenation little more rapidly than a mono-ethenoid compouhd.
The Specific properties of the pentadiene grouping towards hydrogen in presence of a catalyst, thus ma,de clear, rendered it-of interest to compare the behaviour of the corresponding conjugated triene (elaeostearic) system
with th a t of methyl linolenate, linoleate and oleate. The hydrogenation of m ethyl elaeosterate itself evidently required further study, since the course of the action had been reported differently by earlier workers. Boeseken & Hoogland (1927) and Boeseken, van Krimpen & Blanken (1930) stated th a t reduction of elaeostearic glycerides (tung oil) proceeds in accordance with the Thiele mechanism, molecules of hydrogen being successively added to produce first a conjugated octadeca-10,12-dienoate and then octadec-ll'-enoate, before any saturated derivatives appear. Steger, van Loon & van Vlimmeren (1944) , however, found th a t conjugated unsatura tion disappeared steadily from the commencement of hydrogenation of the oil, i.e. no conjugated di-ethenoid reduction products are formed. They confirmed the observation th a t no saturated compounds are produced until the reaction product consists practically entirely of mono-ethenoid compounds, bu t considered th at in the first phase of the hydrogenation non-conjugated diene derivatives are produced. Groot, Kentie & Knol (1947) later recommended the partial hydrogenation of tung oil as a means of obtaining almost pure octadec-ll-enoic acid.
M e t h o d s
The hydrogenations were carried out (on 50 to 120 g. of esters) in a three-necked round-bottomed flask fitted with a mechanical stirrer (1300r.p.m.) and maintained a t either 110 or 170° C by an oil bath. Before commencing an experiment the apparatus was evacuated and then filled with hydrogen; during the actual hydro genation the volume of hydrogen absorbed was followed approximately by delivering it to the reaction flask from a graduated gas container. Samples of the hydrogenated product were withdrawn for examination a t successive intervals corresponding approximately with the absorption of about one-sixth of the volume of hydrogen necessary for complete conversion to saturated ester (stearate).
The catalyst used was Raney nickel, which was prepared from powdered nickelaluminium alloy as described by Pavlic & Adkins (1946) and kept under alcohol until required for use. The concentration of catalyst employed was approximately 2 % of the esters.
Preparation of the unsaturated esters
The requisite fatty acids were (except in the case of methyl linolenate) prepared from natural sources by means of low-temperature crystallization from appropriate solvents. In no case were they of 100 % purity, but consisted of materials containing high concentrations (usually over 90 %) of the desired compound accompanied by minor proportions of known constituents which did not interfere with the object of the experiments. In view of the liability of long-chain polyethenoid compounds to suffer change during chemical handling, it was decided th at this course was to be preferred to the more lengthy procedure necessary in order to obtain a completely individual ester.
Methyl elaeostearate
Since elaeostearic acid tends to polymerize during handling and especially in presence of reagents such as sulphuric acid, and since methyl elaeostearate also commences to undergo polymerization during distillation a t 0-2 mm. pressure through a fractionation column, the method finally adopted was to esterify the mixed acids from tung oil (isolated therefrom by rapid hydrolysis with a very small excess of alkali) with methyl alcohol a t room temperature in presence of about 0*5 % of anhydrous hydrogen chloride. Esterification was complete after about 24 hr., and the elaeostearic content (77 %) of the mixed esters (after removal of any small amounts of free acids present) was found to be the same as th at of the tung oil from which they had been prepared. The mixed methyl esters (365 g.) were then crystal lized from 10 % solution in acetone at -40° C, when 212 g. remained in solution; these esters, when further crystallized from 10 % solution in acetone a t -60° C,
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VoL 198. A* deposited 103 g. of esters which contained 94 % of methyl elaeostearate (with 5 % of oleate and 1 % of saturated esters). This (and analogous batches of similarly prepared methyl elaeostearate) was employed ip the present hydrogenation studies.
Methyl oleate
N eat's foot oil is a convenient source of oleic acid, since the latter (64 %) is accom panied in this oil by relatively small proportions of linoleic (3 %) and other polyethenoid acids (2 %). The bulk of the saturated acids present in the mixed fatty acids from the oil were removed in the form of lead salts insoluble in alchohol. The acids from the soluble lead salts (e.g. 217 g., iodine valu'fe 91*6) were first crystallized from 10 % solution in acetone at--40° C, when 121 g. (iodine value 86-8) were deposited and recrystallized from acetone a t the same temperature, when 102 g. (iodine value 83*6) were deposited. These acids were converted into methyl esters which were fractionally distilled in order to remove methyl esters of lower acids (mainly palmitic and hexadecenoic); 66g. of methyl oleate (iodine value 84*0; equivalent 295*0; calc, iodine value 85*8, equivalent 296*0) were obtained and used in the present experiments. Linoleic ester was found to be absent from this ester, which contained 98 % of methyl oleate and 2 % of methyl stearate.
Methyl linoleate
Sunflower-seed oil with a content of 70 % of linoleic acid was used as the source of concentrates of methyl linoleate accompanied by methyl oleate. When the mixed acids of sunflower-seed oil are crystallized from acetone a t -60° C, the material left in solution (iodine value 165 or above) is rich in linoleic acid (iodine value 181*4). Further crystallization of the methyl esters of this concentrate from acetone a t -65 or -70° C usually leads to the deposition of esters somewhat richer in linoleate (e.g. iodine value 162, calc. 172*8). Esters of similar iodine value were finally dis tilled a t 0*2 mm. through a fractionation column, and the fractions of highest iodine value were used in the hydrogenation experiments. In all, 163 g. of material of iodine value 163*3 was obtained (methyl linoleate 88 %, methyl oleate 12 %). .
Methyl linolenate
I t is not yet possible to separate linolenic acid from linoleic acid sufficiently for the present purpose by crystallization a t low temperatures. Linolenic acid was therefore prepared by denom ination of hexabromostearic acid (m.p. 180° C) with zinc and pyridine (Kaufmann & Mestem. 1936 ) and converted into crude methyl linolenate, which when distilled a t 0*2 mm. pressure yielded methyl linolenate (iodine value 268, calo. 262*0).
Determination of the composition of the products of hydrogenation
Spectrophotometric methods. Conjugated triene systems in long-chain acids absorb ultra-violet light in the region of 265 to 275 m/4 with a well-definpd absorption band head a t 268 m [ i( extinction coefficient E}^m 1780); analogous conj acids give an absorption band in the ultra-violet spectrum a t 234 m/4 (2£jom. 1200). Spectrophotometric measurement of extinction coefficients a t these wave-lengths thus leads directly to the determination of the proportions of conjugated triene and diene compounds present.
The spectrophotometric method can also be applied to the determination of linolenic and linoleic compounds (Hilditch, Morton & Riley 1945) . These, although non-conjugated, contain the system -C H : CH . CH2C H : CH-, which, on treat ment with a high concentration of alkali hydroxide in an appropriate solvent at about 180° C undet standardized conditions, undergoes rearrangement to con jugated isomers (diene from linoleic compounds, diene and also triene from linolenic compounds). In the present work the analytical conditions recommended by Hil ditch et al. (1945) were observed, namely, for linoleic compounds, isomerization with alkali in glycol solution a t 180° C for 60 min. and for linolenic compounds similar isomerization a t 170° C for 15 min. The amohnt of elaeostearic, linolenic, linoleic and any conjugated diene compounds present in a mixture containing some or all of these unsaturated compounds can thus be determined from the spectrophotometric observations described, due allowance being made, when determining linolenic acid, for the contribution to the extinction coefficient observed a t 268 m/i after alkaliisomerization due to elaeostearic acid; whilst, when determining linoleic acid, similar deductions from the observed extinction coefficient at 234 m after alkali-isomeriza tion must be made for the contributions due to elaeostearic, linolenic or any con jugated diene acid.
The reference values employed for the extinction coefficients E\^mt for the respective pure acids, whether as such or after alkali-isomerization under the specified conditions, were as follows: 
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(ii) Determination of total umaturation ( iod value). T unsaturation in long-chain aliphatic compounds can be determined by various methods which depend upon the quantitative addition of iodine mono-halides to the double bonds when the necessary conditions are observed. With non-conjugated unsaturated compounds quantitative addition takes place readily in the course of 30 min. in presence of a large excess of iodine monochloride in glacial acetic acid solution (Wijs 1898) , but conjugated double bonds react only incompletely with the Wijs solution. When these are present, however, a reasonably accurate measure of the total unsaturation is obtained if the bromine vapour absorption method of Toms (1928) is employed, the result being expressed for convenience in terms of 'iodine value', i.e. the amount of halogen (calculated as iodine) which has combined with 100 parts of the unsaturated compound, or mixture of compounds. Whilst the accuracy of determination of unsaturation in mixtures containing conjugated unsaturated long-chain acids is not equal to that obtainable when only non-con jugated derivatives are present, the Toms method has proved sufficiently reliable 22-2 in the present investigation to enable us to follow the course of hydrogenation of methyl elaeostearate and of mixtures of this ester with analogous non-conjugated esters.
In general in a mixture of unsaturated long-chain esters, in which elaeostearate, linolenate and linoleate have been determined spectrophotometrically (as in (i) above), the proportion of oleic or other mono-ethenoid compounds then follows from the difference between the observed (Toms) iodine value and the sum of the increments of iodine value due to the observed amounts of the polyethenoid esters. Any saturated compounds present are then determined by difference.
(iii) Determination of saturated acids in partially hydrogenated mixtures of esters. In the special case of hydrogenation of methyl elaeostearate, or mixtures of £his with other unsaturated esters, if was desired to determine the proportions of monoand di-ethenoid esters present a t progressive stages of the hydrogenation. This could be effected if the mean iodine value of the mono-and di-ethenoid esters could be calculated. For this purpose it was necessary separately to determine the pro portion of saturate^ esters present, and the procedure of Bertram (1925) was employed. This method, although not of the highest order of analytical accuracy, gives results accurate to within about 1 %. The proportions of triene esters (elaeo stearate or linolenate) having been determined spectrophotometrically, and the proportion of saturated esters having been determined, the approximate iodine value of the remaining components of the system (mono-or di-ethenoid Ci8 esters) can be calculated from the iodine value (Toms) of the original mixture, whence the general proportions of the mono-and of di-ethenoid components can be arithm etic ally calculated.
R e s u l t s a n d d i s c u s s i o n §

Hydrogenation of methyl linoleate with Raney nickel catalyst
The behaviour of methyl linoleate with the partly dispersed form of catalyst known as Raney nickel has not previously been recorded, and it seemed well to asbertain whether the selectivity observed with other forms of catalytic nickel was also shown in presence of Raney nickel, especially a t the lower (110° C) of the two tem peratures employed throughout this work. As the data in table 1 show, the hydrogenation was 
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Hydrogenation of methyl elaeostearate
A concentrate of m ethyl elaeostearate, prepared as described (p. 325) and con taining 93 % of m ethyl elaeostearate with minor proportions of oleate and (possibly) linoleate, was hydrogenated with Raney nickel catalyst a t 110 and a t 170° C with the results summarized in table 2. In table 2 the d ata for elaeostearate were deter mined spectrophotometrically, saturated acids were determined by the Bertram method (1925) , and the figures for mono-and di-ethenoid compounds were based upon the calculated iodine value of this group (i.e. after correcting the iodine value of the ester mixtures for the observed proportions of elaeostearic and saturated compounds). Rigidly accurate determination of the iodine value of esters containing high pro portions of elaeostearate is difficult to accomplish (even by the bromine vapour absorption procedure), whilst the same applies in perhaps lesser degree to the quan titative determination of the saturated acids present. Moreover, the greater part of the (calculated) iodine value of the more unsaturated products is contributed by elaeostearate, so th a t the residual iodine value (which represents the mono-and di-ethenoid components of the mixture) is relatively small by comparison with the total iodine value observed by bromine vapour absorption. Consequently, no high degree of accuracy is claimed for the calculated proportions of mono-and diethenoid esters, although these figures serve to point unequivocally to the oourse which the hydrogenation has for the most p art followed.
T a b l e 2 . H y d r o g e n a t i o n o f m e t h y l e l a e o s t e a r a t e d i-ethenoid
The data in table 2 show th a t the proportion of saturated esters increases b u t little (especially a t 170° C) until practically all the elaeostearate has disappeared. A t the same time, the calculated figures in the two final columns indicate th a t (subject to one or two exceptions referred to below) little or no diethenoid esters are produced, the first stage of hydrogenation of the elaeostearate being very largely the simultaneous addition of four atoms of hydrogen with production of a molecule of a mono-ethenoid ester. The absorption spectra in the range 230 to 300 m/t of the original ester and of its four products of partial hydrogenation a t 110° C w ith iodine values 218*0, 199*1, 169*2 and 128*0 (figure 1) exhibit no indication, moreover, of the formation a t any intermediate stage of any conjugated di-ethenoid ester (as postulated by Boeseken et al. (1927 Boeseken et al. ( ,1930 and subsequently di (1944)). Since an individual conjugated diene ester of a C18 acid has an extinction coefficient of 1200 a t 234 m /i,the production of any si such an ester would be readily seen from the graphs relating extinction coefficient to wave-length, whereas all th a t is apparent in figure 1 is a steady fall in the magnitude of the elaeostearate absorption bands a t 268 to 290 m/t unaccompanied by any significant effect in the region 230 to 240 m/t.
The significance, if any, of the minor proportions of di-ethenoid esters which appear erratically a t some stages (e.g. table 2, iodine values 169*2 (110° C) and 183*3 (170° C)) is uncertain. I t would not be unreasonable to attribute such instances to chance combinations of accumulated analytical error, b u t it is curious th a t direct spectrographic examination of the partly hydrogenated esters in question has also shown smaller but still significant proportions of conjugated diene unsaturation (cf. table 7). I t may therefore be th a t a t certain stages of the hydrogenation process some (relatively minor) production of di-ethenoid unsaturation from elaeostearate (or from its mixture with mono-ethenoid esters already produced from it) m ay take place; this point is again considered later (p. 333).
The chief prim ary products-mono-ethenoid esters-of hydrogenation o f methyl elaeostearate are probably not homogeneous, although we can confirm the state m ent of Groot et al. th a t methyl octadec-11-enoate is produced in major pr We are of the opinion, however, th a t mono-ethenoid esters with the double bond in other positions (e.g. A9:10'10:11*12:13o r 13:14) are almost certainly present in addition to the main product, methyl tfrans-octadec-11 -enoate. We have examined in some detail the product obtained by hydrogenating methyl elaeostearate to an iodine value of about 76, when almost all elaeostearate has disappeared. The mixed acids obtained by hydrolysis of a hydrogenated ester of this type include a certain pro portion of saturated acids, and it is not possible to effect a quantitative separation of the latter from the mono-ethenoid acids by crystallization. Nevertheless, syste matic crystallization from acetone or ether a t temperatures down to -45° C has enabled us to isolate from the mixed fa tty acids about 35 to 40 % of an acid which melted a t 39 to 40° C and which appeared to consist largely of trans-octadec-9-enoic (vaccenic) acid. Undoubtedly this represented only a part of the total amount of this acid present, b u t concurrently there were definite indications of the presence of other isomeric mono-ethenoid acids. 
Hydrogenation of methyl elaepstearate
Hydrogenation of mixtures of methyl elaeostearate with methyl , linoleaie, or linolenate
The courses taken during the hydrogenation of equimolecular mixtures of methyl elaeostearate with either methyl oleate, methyl linoleate, or methyl linolenate were next examined under the same conditions (Raney nickel catalyst a t 110 and 170° C) with the results illustrated in tables 3, 4 and 5.
Methyl elaeostearate and methyl oleate {table 3). The partly hydrogenated products were examined as in the case of methyl elaeostearate alone, i.e. the proportions of elaeostearate and of saturated esters were determined analytically, and the residual iodine value of each product calculated to a mixture of mono-and di-ethenoid esters. Table 3 shows very clearly that no oleate is hydrogenated to stearate until all the elaeostearate has been converted into the mono-ethehoid condition, and confirms th at this is the main primary process in the hydrogenation of the conjugated triene ester, although (as in the case of methyl elaeostearate alone) erratic appearances of (calculated) di-ethenoid esters occur, apparently a t an iodine value of about 120. In these mixtures, however, no corresponding appearance of conjugated diene esters was observed by direct spectrographic examination of the hydrogenated products (of . table 8) .
Methyl elaeostearate and methyl linoleate ( 4). In this series elaeostearate was determined spectrophotometrically, linoleate by similar spectrophotometric analysis after the mixtures had been iosmerized with alkali a t 180° C for lh r., and saturated components by oxidation (Bertram), the mono-ethenoid esters being determined by difference. A t both 110 and 170° C linoleate remained unattacked until the concentration of elaeostearate had fallen to about 20 % or less of the total esters present; thereafter, it underwent hydrogenation concurrently with elaeostearate b u t when the latter had practically disappeared the mixtures still contained about 25 % or more of unchanged methyl linoleate. Since the prim ary hydrogenation products of both elaeostearate and linoleate are mono-ethenoid esters, and hydrogenation in both cases is extremely selective with reference to the mono-ethenoid stage, the con centration of the latter esters rises to over 80 % (or probably higher) before any substantial production of stearate sets in.
Direct spectrophotometric examination of the hydrogenated esters (cf. table 9) showed only negligible amounts of conjugated diene ester throughout the series at 110° C, but somewhat over 10 % a t 170° C by the time th a t the linoleate was about to commence to undergo hydrogenation. This accords with the observation of Waterman & van Vlodrop (1936) th a t linoleate undergoes partial isomerization to conjugated forms when exposed a t temperatures of about 200° C or higher to catalytically active nickel under conditions which preclude its actual combination with hydrogen.
Methyl elaeostearate and methyl linolenate (table 5). In this series elaeostearate and any small proportions of conjugated diene compounds were determined by direct measurement of the extinction coefficients a t 268 and 234 va.fi respectively, and linolenate was determined spectrophotometrically from the value of at 268m f i after alkali-isomerization a t 170° C for 16min. (Hilditch et al. 1945) . The proportions of mono-and di-ethenoid esters in the products were then estimated from the residual iodine value (cf. table 10) calculated after deducting from the total iodine value the increments due to elaeostearate and linolenate. Mixtures of linolenate and elaeostearate esters differ strikingly from those pre viously discussed (elaeostearate with linoleate or oleate) in th at both the nonconjugated and the conjugated triene esters combine with hydrogen from the outset of the reaction. Nevertheless, the rate of hydrogenation of elaeostearate is at least twice th a t of the non-conjugated linolenate, the former having almost completely disappeared when about half of the linolenate has been attacked. Little if any conjugated diene ester was detected during the course of hydrogenation a t either 110 or 170° C.
T a b l e 5 . H y d r o g e n a t i o n o p m e t h y l e l a e o s t e a r a t e
Behaviour of methyl elaeostearate and oleate with Raney nickel in absence of hydrogen. A possible explanation of the appearance of small proportions of diene esters during hydrogenation of methyl elaeostearate might conceivably be the donation of hydro gen by oleate or other mono-ethenoid ester to the conjugated triene ester, the diene T . P . H ild itch and S. P . P ath ak compounds thus arising from dehydrogenation of a mono-ethenoid ester. Methyl elaeostearate (1 part) and methyl oleate (2 parts) were therefore stirred in the hydrogenation vessel for 2 hr. with Raney nickel in an atmosphere of nitrogen. Whilst small increases in the linoleate content (determined spectrophotometrically after alkali-isomerization, table 11) were observed both a t 110 and a t 170° C, there was little corresponding diminution in the proportion of elaeostearate present a t the conclusion of the experiments: elaeostearate linoleate (% found) (% found) original 32 1 in nitrogen for 2 hr. a t 110° C 31 6 in nitrogen for 2 hr. at 170° G 30 8
On the other hand, after heating with Raney nickel in an atmosphere of nitrogen a t 180° C for 3 hr., no formation of diene esters was detectable (linoleate in original ester 0*5 %, after the experiment 0*4 %).
The cause of the occasional appearance of diene unsaturation in minor proportions a t certain stages of the hydrogenation of elaeostearic esters has thus not been ascertained during the course of the present work.
Co n c l u s i o n s
We believe th a t the most interesting feature revealed by this investigation is the comparable reactivity to hydrogen in presence of nickel of the unsaturated systems -C H : C H . CH2. C H : C H . CH2. C H : CH-and -C H : C H . C H : C H . C H : CH-. I t may be deduced from the present data together with those of Bailey & Fisher (1946) for oleate, linoleate and linolenate th a t the relative reactivities to hydrogen of elaeostearate, linolenate, .linoleate and oleate are of the order 8 0 :4 0 :2 6 :1 . The pentadiene carbon system in linoleic ester and especially the doubled pentadiene arrangement in the linolenic series are thus relatively much more akin to the conjugated triene grouping than to an isolated ethylenic group in their behaviour to hydrogen in presence of catalytic nickel.
The present studies have also defined more clearly the course of hydrogenation Of the elaeostearic conjugated triene system, in which the prim ary phase has been shown to consist almost wholly in the simultaneous addition of four atoms of hydrogen to the elaeostearate molecule, with the production in one stage of a monoethenoid, or more probably a mixture of isomeric mono-ethqnoid, esters. I t has also been made clear th a t selectivity of hydrogenation is as well defined a t the relatively low( temperature of 110° C as a t higher temperatures, if the nickel catalyst employed is in a form which is suitably active a t a low temperature.
A n a l y t i c a l d a t a
The analytical determinations upon which are based the results discussed in the preceding section and enumerated in tables 1 to 5 are summarized for convenience a t this point (tables 6 to 11). The methods employed in the various determinations have been described earlier in this paper (cf. pp. 326 to 328).
